ABSTRACT Rates of leucine lncorporahon have been suggested recently to be useful for estunating rates of protein synthesis and biomass product~on by bactena In natural water samples We examined 2 potential problems wlth this approach de novo synthesis of leucine and lntracellular protein turnover Rates of leucine and methionine biosynthesis were e s t~m a t e d from the incorporation of '4C-pyruvate and 35S0,', respectively Leucine inhibited '4C-pyruvate and 'H-glucose incorporahon and methionine inhibited "SO, lncorporation However rates of biosynthesis of leucine and lnethionine were still much higher than the maximum rate of exogenous amlno acld Incorporation This problem can be surmounted with emplncally determined conversion factors which relate rates of leucine incorporation to rates of proteln synthesis or biomass production The ratio of the emplncally determined factor to the theoretical factor is similar to the ratio of the rate of biosynthesis to the incorporation rate of exogenous leuclne The rate of intracellular proteln turnover as determined by the pulse-chase approach was large compared wlth net protein synthesis ~n only 1 out of 5 expcnments Leuclne lncorporation rates are at least an underestimate of rates of protein synthesis and In some environments may prove to b e a useful measure of bacterial biomass production Our results also Indicate that the supply of dissolved amino acids may affect the uptake and minerahzatlon of other dissolved compounds vla regulation of amino acid uptake and biosynthesls
INTRODUCTION
Recent studies of DNA synthesis by bactenal asseinblages have been instrumental in demonstrating the importance of bacterioplankton in the trophic dynamics of manne systems (Fuhrman & Azam 1980) . Several investigations have shown that rates of bacterial DNA synthesis, and by implication rates of bacter~al biomass production, are relatively high (reviewed by Ducklow 1983) . High rates of bactenal production compared with phytoplankton production suggest that a large proportion (10 to 50 % ) of primary production is processed by bacteria (renewed by Ducklow 1983 ). This conclusion is supported by other measures of bacterial biomass production and carbon tninerallzation (W1Vlanis 1981 , Larsson & Hagstrom 1982 ).
l r c h m a n et al. (1985) suggested that rates of protein synthesis may complement measures of DNA synthesis in studies examining bacteria in natural aquabc systems. Since a large proportion of the nitrogen in bacterial cells I S protein (Ingraham et al. 1983) , the rate of protein synthesis may be a more direct measure than rates of DNA synthesis of the role of bacteria in uhhzing dissolved nitrogenous compounds. Furthermore, because protein is a valuable food source for higher trophic levels (Tenore et al. 1979) , rates of net protein synthesis may reflect the contribution of bacteria to the nitrogen budget of bacterial grazers more accurately than rates of DNA synthesis. Finally, incorporation of leucine into protein, which is a measure of bacterial protein synthesis (Krchman et al. 1985) , may b e used as an independent measure of total bacterial production.
Many laboratory studies have used leucine incorporation as an index of protein synthesis, and Kirchman et al. (1985) examined the applicability of this approach for natural bacterial assemblages. However, 2 problems remain to be considered before rates can b e estimated accurately. Although the rate of leucine biosynthesis decreases when leucine is added to water samples from aquatic systems ( I r c h m a n et al. 1985) , it is unclear whether leucine synthesized in the presence of high extracellular concentrations (ca 10 nM) of leucine contributes substantially to that required for protein synthesis. If leucine biosynthesis is important, then rates of extracellular leucine incorporation would underestimate the rate of protein synthesis. Another problem not considered by Kjrchman et al. (1985) is that of protein turnover. Unlike DNA, protein can b e synthesized and continuously degraded (turnover) at high rates in selected growth conditions, such as during the shift from a high to a low growth rate (Ingraham et al. 1983 ).
The present study had 2 goals: to compare rates of leucine and methionine biosynthesis with incorporation rates of these 2 amino acids, and to compare rates of intracellular protein turnover with bacterial growth rates in a salt marsh estuary. We suggest that the regulation of amino acid biosynthesis versus assimilation of exogenous amino acids may b e an important factor in determining the turnover rate of selected organic and inorganic compounds. Our results also indicate that protein turnover should b e considered when the uptake of almost any compound is being examined in aquatic environments.
MATERIALS AND METHODS

Incorporation of 3~-leucine and 35~-methionine.
The basic procedure for estimating rates of protein synthesis is to measure the incorporation of 3H-leucine into the trichloroacetic acid (TCA) insoluble cellular material. [3,43H] leucine (specific activity = 60 yCi nmol-l; Amersham) was added to water samples (10 ml) and incubated for ca 30 to 60 min. If the isotope dilution approach 1s not used (see below), the addltion of leucine should b e 10 nM (see 'Discussion'). Enough 50 % TCA was then added to give a final concentration of 5 %, and the samples were heated to 85OC for 30 min. Once the samples had cooled, the TCA-insoluble material was collected onto Gelman filters (0.22 pm pore size) and washed twice with 5 "10 ice-cold TCA. The filter was then treated with Protosol (New England Nuclear) or an equivalent tissue solubilizer to minimize self-absorption of the low energy beta particles. See IClrchman et al. (1985) for further details.
The procedure for measuring the incorporation of 35S-methionine (specific activity = 1084 pCi nmol-l; Amersham) was the same as described above except that the filters were not treated with tissue solubilizer before radioassaying with a liquid scintillation counter TCA-killed controls were used to correct for background absorption of radioactivity for both leucine and methionine uptake.
Rates of leucine and methionine incorporation were estimated by using the isotope dilution approach of Moriarty & Pollard (1981) . Briefly, the incorporation of the radiolabeled amino acids was measured in the presence of different concentrations of nonradioactive leucine or methionine. It can b e shown that the equation suggested by Monarty & Pollard (1981) for calculating rates is mathematically equivalent to calculation of I,,, as follows:
where F = the fraction of the added radioactivity incorporated per unit time (units h-'); I, , , = maximum incorporation rate of the exogenous amino acid; A = added amino acid concentration; /X-intercept1 is mathematically equivalent to the isotope dilution term used by Moriarty & Pollard (1981) . The terms I,,,, 1/F and IX-intercept1 are analogous to V,,,, tlf, and (K + S), respectively, first introduced by Wright & Hobbie (1965) . An important difference is that Wright & Hobbie (1965) measured total uptake whereas this study and that of Moriarty & Pollard (1981) measured incorporation into macromolecules. In addition, when corrected properly (see below), I,,, is the actual rate of protein synthes1.s whereas V,,, is the potential rate of uptake (Wright & Hobbie 1965) . The purpose of the procedure is to minimize isotope dilution and thus maximize (hence the term I,,,) incorporation of radioactivity into protein.
The advantage of using the I, , , equation rather than the original equations of Moriarty & Pollard (1981) is that the corrected (at least in terms of this dilution technique) rates can be calculated by nonlinear regression techniques (Li 1983) . The nonlinear regression analysis bases the standard error of the rate on the entire data set whereas the standard error calculated by the original Moriarty & Pollard (1981) approach would be based on the error of the IX-intercept1 and the error of the incorporation rate at the lowest substrate concentration.
We compared rates (I,,,) of methionine and leucine incorporation as measured by the isotope dilution approach (Moriarty & Pollard 1981) at different depths in a eutrophic lake (Lake Oglethorpe) near Athens, Georgia, USA in July 1984. Incorporation of a single addition of the labeled amino acid (0.5 nM) was measured in duplicate at the following concentrations of unlabeled amino acids: 0, 5, 10, 20, 50 and 100 nM. To ensure that no air was introduced into the samples, water was pumped up from the different depths by a hand pump. After flushing several times, the tubes were fllled and capped without a headspace (final volume was 13 ml). The water displaced by the cap was vented out through a syringe needle. Amino acids were added via the syringe needle. This sampling procedure did not introduce measurable amounts of oxygen into samples from the anaerobic hypolimnion. The samples were incubated in situ. After a 30 min period, incorporation was stopped by adding the samples to TCA (5 % final concentration), and subsequent extractions were completed in the laboratory.
Other than the depth profile in Lake Oglethorpe, all incubations were at the in situ temperature in darkness in the laboratory, and were initiated within l h of sample collection.
Leucine biosyn thesis: p yruvate incorporation. To estimate the amount of leucine synthesized that is used for protein synthesis, the rate of I4C-pyruvate incorporation into the TCA-insoluble fraction was measured. Pyruvate was chosen because it is a precursor for leucine biosynthesis (Umbarger 1978) . The procedure is analogous to that used for measuring leucine or methionine incorporation. [3-'4C]pyruvate (15 mCi mmol-'; New England Nuclear) was added to water samples along with various concentrations of leucine, and the samples were incubated for 2 to 10 h. TCA was then added and the samples were extracted as described above.
The rate of leucine synthesis was estimated by assuming that the added concentration of pyruvate (0.5 to 2 PM) was orders of magnitude higher than the in situ pyruvate concentration and that the extracellular specific activity of pyruvate was equal to the intracellular specific activity of the precursor pools for leucine biosynthesis. Since several amino acids are synthesized from pyruvate, the rate at which synthesized leucine is incorporated into protein is the rate of total pyruvate incorporation multiplied by the fraction of radioactivity, originating as 14C-pyruvate, that was recovered as 14C-leucine. This fraction in the presence of high leucine concentrations is approximately 10 '10 (Kirchman et al. 1985) . The methods for measuring this fraction as well as other aspects of these experiments are described by Krchman et al. (1985) .
One series of experiments examined the effect of leucine and phenylalanine on glucose incorporation. The only pathway by which radioactivity originating as 3~-g l u c o s e could be incorporated into protein is via amino acid biosynthesis and incorporation of the subsequently tritiated amino acids into protein. Thus, a decrease in glucose incorporation into the hot TCA insoluble fraction due to the addition of leucine would be consistent with the hypothesis that extracellular leucine inhibits leucine biosynthesis. These experiments were carried out with water samples from Marsh Landlng, Sapelo Island, Georgia, USA. Leucine or phenylalanine (0, 1, 5, 10 nM) were added to water samples followed immediately by the addition of 1.8 nM 3H-glucose (specific activity 33.1 pCi nmol-l; New England Nuclear). Duplicate subsamples were taken at the times indicated in 'Results' and the radioactivity incorporated into protein was measured as described above.
Methionine biosyn thesis: sulfate incorporation. We compared 35S04, 3H-leucine and 35S-methionine incorporation rates into the TCA-insoluble fraction in samples from Lake Oglethorpe. Rates of 3H-leucine and 35S-methionine incorporation were estimated by the Moriarty & Pollard (1981) approach as described above. The rate of 35S04 incorporation was measured by adding 0.25 pCi ml-' (Amersham) and withdrawing duplicate 20 m1 subsamples every 15 min for 60 min. The subsamples were extracted in TCA and treated like the 35~-methionine incorporation measurements. The in situ sulfate concentration (2.9 FM) was rneasured by ion chromatography (Dick & Tabatabai 1979) . Sulfate was separated on a HPIC-AS3 column with a 2.8 mM NaHC03 to 2.2 mM Na2C03 linear gradient. We assumed that the extracellular specific activity was equal to the intracellular specific activity of the precursor pools for methionine biosynthesis. The total rate of sulfate incorporation was corrected for the relative abundance of methionine (2.2 O/O; SE = 0.12) versus cysteine (1.03 O/O & 0.090) in bacterial proteins (Reeck 1983) .
Theoretical and empirical conversion factors for the rate of leucine incorporation. Rates of leucine incorporation must be multiplied by a 'conversion factor' in order to obtain rates of protein synthesis or cell production. A theoretical conversion factor can be calculated with information on the average molar fraction of leucine in protein (8.8 %; Reeke 1983 , Hagstrom et al. 1984 ) and the average amount of protein per bacterial cell (1.2 X 10-l4 g protein cell-'; assumes 50 % of dry weight is protein for a cell that is 0.1 pm-3 in size with volume to carbon conversion of 1.2 X 10-13; Fuhrman & Azam 1980) . If leucine biosynthesis and isotope dilution are assumed to be zero, the theoretical factor is 1.1 X 10" cells per mole of leucine incorporation. If a high biovolume to biomass conversion factor (5.6 X 10-13 g Bratbak 1985) is used, then the leucine to cell conversion factor is 2.7 x 1016 cells per mole of leucine incorporation. The leucine conversion factor in terms of protein is 1.5 g protein per mole of leucine incorporated, which is based only on the fraction of leucine in protein (8.8 %) and the molecular weight of leucine (131).
Empirical factors were estimated by the approach suggested by Kirchman et al. (1982) with water sam-ples from Marsh Landing, Sapelo Island. Net bacterial growth was obtained by 2 methods. The first method consisted of adding an untreated water sample to filter-sterilized water such that the particles (the bacteria and their grazers) were diluted by a factor of 10 (Fuhrman & Azam 1980 , Kirchman et al. 1982 . The second method consisted of first filtering water through a 1.0 Ihm Nuclepore filter, and then 100 mg 1-' of cycloheximide was added to inhibit any remaining grazers of bacteria (Newell et al. 1983) . At various times, subsamples were withdrawn to measure bacterial numbers and cell size by epifluorescence microscopy (Hobbie et al. 1977) , particulate protein concentrations (see below), and the incorporation rate of leucine as determined by the Moriarty & Pollard (1981) approach (see above). The concentrations of non-radioactive leucine were 0, 10, 20 and 50 nM (each conducted in duplicate). In some experiments the incorporation of a single addition of 3H-leucine was measured (triplicate measurements). The incubation time for measuring leucine incorporation was 15 min. The exact method used for any particular experiment is given in 'Results'. The conversion factor was calculated by the equations provided by Kirchman et al. (1982) . Standard errors were calculated by propagation of error equations (Bevington 1969) . Data on changes in bacterial abundance, biomass and incorporation rates over time were fit to exponential models as described by Kirchman et al. (1982) .
In one experiment the particulate protein concentration was measured by the fluorescamine technique (Cooper 1977) . Cycloheximide was added to the < 1.0 pm filtrate from salt marsh water. The hot TCA-insoluble material from triplicate 10 m1 subsamples was collected on Nuclepore filters and, after rinsing with cold 5 ' 1 0 TCA, the filters were rinsed with 3 m1 70 % ethanol to remove excess TCA (Hanson & Phillips 1981) . The filters were either frozen until analysis or added directly to 1.0 m1 0.1 N NaOH and incubated overnight at 50°C to solubilize the protein. Borate buffer (2.0 ml; 0.4 M, pH = 7.0) was then added. While vortexing the sample 0.5 m1 fluorescamine was added. The fluorescaminc was made from a stock solut~on consisting of 10 mg in 10 m1 acetone which was diluted 10-fold in acetone before use. Fluorescence was measured in a Turner fluorometer with bovine serum albumin as the standard. Some of the problems with this measure of protein concentrations are discussed by Cooper (1979) .
Protein turnover. The pulse-chase approach was used to determine if turnover of intracellular protelns occurred in marine bacterial assemblages. Samples were collected from the Duplin River at Marsh Landing, the salt marsh estuary at Sapelo Island, Georgia. Cycloheximide (100 mg 1 -l ) was added to water samples to inhlbit grazers of bacteria and to ensure that the decrease in radioactivity was due to protein turnover by the bacteria rather than metabolism of grazers that had ingested radioactive bacteria. After pre-incubation with cycloheximide for 30 min, 3SS-methionine or 3~-l e u c i n e was added and subsamples were withdrawn every 10 min and extracted in hot TCA. After 30 min non-radioactive methionine or leucine (concentration given with 'Results') was added to one set of samples while another set was not treated.
In samples with the added chase of unlabeled amino acid, the decrease in radioactivity was analysed by plotting the In of the fraction of radioactivity remaining in particulate protein versus time. The slope of this line is the intracellular turnover rate of bacterial protein and has units of h-'. It is important to point out that estimating the turnover rate of bacterial protein is not dependent on knowing the intracellular specific activity of methonine or leucine.
RESULTS
Comparison of incorporation rates of leucine and methionine
We compared rates of methionine incorporation with rates of leucine incorporation because methionine and leucine incorporation are often used in laboratory studies as indices of protein synthesis. The rate of leucine incorporation (I,,,) was higher than the rate of methionine incorporation by a factor of 2 to 14 (Table 1 and Fig. l) , except for 1 sample from the hypolimnion in Lake Oglethorpe (Fig. 1) . Rates of leucine incorporation were probably much higher than rates of methionine incorporation because the relative abundance of leucine in bacterial proteins is higher than that of methionine; the average molar fraction of leucine is 8.8 + 0.23 % (+SE) whereas the average molar fraction of methionine is 2.2 k 0.12 % in bacterial protein (Reeke 1983) . If bacteria incorporated amino acids according to their abundance in bacterial protein, the expected ratio of the leucine incorporation rate to the methionine incorporation rate is 4.0 f 0.24.
The observed ratio was usually lower than this expected ratio, except for 1 sample from surface waters in November (Table 1 ; Fig. 1 ).
In spite of the quantitative difference between rates of leucine and methionine incorporation, the rates covaned w t h depth in Lake Oglethorpe (r = 0.92; Fig. 1 ). Rates of leucine and methionine incorporation into protein (and thus the rate of protein synthesis) were highest at the metalimnion where oxygen concentrations decreased from saturation to unmeasurable levels (Fig. 1) . The correlation between leucine and (I, , ) in Lake Oglethorpe, Georgia, USA. (B) Ratio of these rates (Leu/Met). Bars are standard errors for rates determined with 6 concentrations in duplicate methionine incorporation rates supports the hypothesis that leucine incorporation is a t least a qualitative index of protein synthesis.
Leucine biosynthesis versus uptake of exogenous leucine Kirchman et al. (1985) showed that leucine inhibited 14C-pyruvate incorporation, suggesting that leucine biosynthesis is inhibited by the addition of extracellular leucine, but they used h g h concentrations of 14C-pyruvate. In this investigation several experiments were conducted to examine amino acid biosynthesis with tracer levels of precursors and amino acids. When as little as 1 nM leucine was added to seawater samples from the salt marsh estuary a t Sapelo Island, 3H-glucose incorporation (added concentration of 1.8 nM)
-'E l 6 - INCUBATION TIME (min) Fig. 2 . Effect of leucine and phenylalanine on 3H-glucose (1.8 nM) incorporation into protein (hot TCA-insoluble cell fraction) in samples from the salt marsh estuary at Sapelo Island, Georgia. Means of duplicate subsamples into the hot TCA insoluble fraction decreased by 12 %; addition of 10 nM leucine lowered glucose incorporation by 34 % after l h (Fig. 2) . The addition of 1 n M leucine consistently lowered glucose incorporation in 3 out of 4 experiments; in 1 experiment the addition of 1 nM leucine had no effect on glucose incorporation. High concentrations of leucine (10 nM) occasionally stimulated glucose incorporation (data not shown). In contrast, the addition of 10 n M phenylalanine only slightly (6.2 %) inhibited glucose incorporation (Fig.  2) . These data are consistent with the hypothesis that the addtion of extracellular leucine can inhibit the biosynthesis of leucine even when the precursor a n d amino acid are added in nanomolar concentrations. It was unclear whether the rate of leucine incorporation from endogenous sources (leucine biosynthesis) was in fact lower than the incorporation rate of leucine from extracellular sources. To answer this question we estimated the rate of leucine synthesis from the rate of I4C-pyruvate incorporation into the hot TCA-insoluble fraction and the fraction of the 14C-radioactivity recovered as 14C-leucine after acid hydrolysis (10 % ; Kirchman et al. 1985) . The rate of leucine synthesis and subsequent incorporation of that leucine into protein was roughly 2 to 30-fold higher than the maximum incorporation rate of exogenous leucine (Table 2) .
We next compared incorporation rates of 3H-leucine, 3 5~-m e t h o n i n e , and 35S04 in Lake Oglethorpe in order to examine methionine biosynthesis, which was estimated from 3 5~0 4 incorporation rates corrected for the relative abundance of methionine in protein. Cycloheximide was added to inhibit eukaryotic uptake of 3 5 S~4 .
We found that the addition of methonine (5 nM) inhibited 35S04 incorporation into protein by 60 '10, indicating that the addition of methionine inhibits methionine synthesis. The rate with no methionine added was 27 nmole 1-'h-' which decreased to 11 nmole I-' h-' wi th the addition of 5 nM methionine. However, the rate of rnethionine synthesis was still much h g h e r than the rate of exogenous leucine incorporation into protein. In this expenment methionine incorporation was very low (I,, = 0.028 -t 0.004 nmol 1-1 h -) ). Even when methonine incorporation is estimated from the rate of leucine incorporation (I,,, = 0.39 -t 0.028 nmol 1-' h-'; see above and Table l ) , methionine biosynthesis is roughly 80-fold higher than the rate of methionme incorporation.
Our estimates of rates of leucine and m e t h i o~n e biosynthesis should be viewed cautiously. One problem is that w e have to assume that the extracellular specific activity of the added precursor (pyruvate or SO,) is equal to the intracellular specific activity of the precursor immediately before synthesis of the amino acid. This assumption has to b e made even when the extracellular specific activity is measured as in the case of SO4. However, the actual specific activity could only be lower (less radioactivity per mole of precursor) than the assumed specific acbvity, w h c h would result in even higher calculated rates of biosynthesis. Thus, even these crude, perhaps low estimates, suggest that the ratio of biosynthesis to incorporation of exogenous amino acids is high.
Conversion factors for leucine incorporation
The empirical approach of Kuchman et al. (1982) was used to estimate conversion factors w h c h would relate the rate of leucine incorporation to the rate of protein synthesis or cell production. Bacterial abundance and biomass increased exponentially when grazing was inhibited by the addltion of cycloheximide or by diluting the particles (including the bacteria and their grazers) with filter-stenhzed seawater. The rate of leuclne incorporation into protein also increased e x p o n e n h d y . An example of these data is given in Fig. 3 , and the parameters from several experiments are summarized in Table 3 . During each experiment leuclne incorporatlon followed changes in total biovolume 1-l) more closely than just cell numbers, but increases in incorporation rates and biovolumes often differed significantly (Table 3) .
We tested the possibility that rates of leucine incorporation would track changes in bacterial protein concentrations more closely than changes in bacterial biovolumes. In one experiment rates of leucine incor- Parenthetical point was not included in the analysis trations increased by a rate of 0.12 f 0.032 h-' which is not significantly different from the increase in leucine incorporation rates. The measured protein concentration was usually higher than the protein concentration calculated from biovolumes, even when the high biovolume to carbon conversion factor was used (Table 4) . These results suggest that the high biovolume to carbon conversion factor (5.6 X 10-13 gC pm-3; Bratbak 1985) is closer to being correct than the commonly-used factor of 1.2 X 10-13 g C pm-3. However, there are still problems either with the fluorescarnine assay (and bovine serum albumin standard) or with the biovolume to carbon conversion factor (Table 4) . Nevertheless, when comparing incorporation rates with changes in protein concentrations, we need to examine only relative changes over time which could only be due to actively growing bacteria. The logarithmic changes over time would not be affected by conversion factors or problems with standardizing the protein assay. Therefore, regardless of conversion factors, these data indicate that rates of leucine incorporation and protein concentrations covary during growth of marine bacterial assemblages.
The conversion factors calculated from these experiments ranged from 1 to 84 X l O I 7 cells and 1.3 to 100 g protein per m01 of leucine incorporated (Table 3) . It is " Rates are given f SE. Number of points in time courses is given below rates parenthetically (n). " Bacterial biovolume and protein concentrations during a growth experiment. Other data from thls experiment are presented in Fig. 3 & 4 . Cycloheximide was added to 1.0 pm filtrate of a water sample from the salt marsh estuary at Sapelo Island. All data are means with SE given parenthetically Bacterial protein concentrations were estimated from biovolume measurements by assuming either a low (1.21 X 10-l3 pg protein or a high (5.6 X 10-l3 pg protein pm-3) biovolume to protein conversion factor See text for further details unclear how much of this variation in conversion factors is real. The errors calculated for these conversion factors are large, and some of the variation among the various samples is undoubtedly due to the different methods used. For example, the highest measured conversion factor was observed in an experiment with a single 0.8 nM addition of 3H-leucine, whereas when a single 10 nM addition was used the lowest conversion factor was measured (Table 3) . In any case, it is clear that most of the empirically derived factors are substantially higher than the theoretical factor of 1.1 X 10" cells and 1.5 g protein per mole of leucine.
The data indicate that the isotope dilution approach (Moriarty & Pollard 1981) does not alone give accurate estimates of protein synthesis, as evidenced here by the fact that the conversion factor based on the isotope dilution approach is significantly higher than the theoretical conversion factor which assumes no isotope dilution (Table 3) . Also, the rate of protein synthesis calculated from the isotope dilution approach alone was significantly less than the change in the concentration of particulate protein (e.g. Fig. 3) . Even so, the isotope dilution approach does ensure that rates of leucine incorporation are not biased by the extracellular leucine concentration, and the addition of extracellular leucine does repress leucine biosynthesis (Krchman et al. 1985) , hence minimizing intracellular isotope dilution.
The addition of tracer levels of leucine in some experiments would have resulted in very large increases in the apparent rate of leucine incorporation. For example, the turnover rate in one experiment increased at a rate of 0.29 2 0.051 h-' (slope of ln[turnover rate] vs time) (Fig. 4) whereas the rate of leucine TIME (h) Fig. 4 . Turnover rate and IX-intercept of leucine incorporation rates following addition of cycloheximde to a water sample from the estuary at Sapelo Island, Georgia. Bars are standard errors. See Fig. 3 for I, , , values and text for explanation of IX-interceptl. (0) Turnover rate; (e) incorporation increased at a rate of 0.14 f 0.027 h-'. The increase in the turnover rate was probably due to both an increase in uptake rates (Fig. 3) and a decrease in the pool of available leucine (Fig. 4) . According to isotope dilution theory (Monarty & Pollard 1981), the ]X-intercept1 is a measure of this leucine pool. Thus, the sum of the change in I, , , (0.14 + 0.027 h-') and in the apparent pool size (IX-intercept0 (0.11 + 0.01 h-') was equal to the change in the turnover rate (0.29 2 0.051 h-').
Intracellular turnover of bacterial protein
To determine if intracellular turnover of bacterial protein occurs, pulse-chase experiments were conducted with 3H-leucine and 35S-methionine added to water samples from the salt marsh estuary at Sapelo Island. Cycloheximide was added to minimize turnover by eukaryotic grazers of labeled bacterial protein.
An example of data obtained from our pulse-chase experiments is given in Fig. 5 and the results from several experiments are summarized in Table 5 . As expected, accumulation of radioactivity into protein increased linearly over time (Fig. 5) . When the 'chase' of non-radioactive methionine or leucine was added there was usually an exponential decrease in radioactivity in cellular protein. The rate of intracellular protein turnover varied from 0.012 to 0.311 h-' (Table 5 ).
The turnover rates in August were small compared to the growth rates of the bacterial assemblage in samples from the salt marsh at Sapelo Island. The rate of 0.103 & 0.014 h-' measured on August 30 was probably artificially high since there was a 30 min lag Time (Min) Fig. 5 . Pulse-chase experiment to measure the rate of protein turnover by bacterial assemblages in a water sample from Sapelo Island, Georgia. Means of duplicate subsamples. At the time indicated by the arrow the chase of 1 pM methionine (Met) was added to 1 set of samples. Inset shows log plot used to calculate turnover rates which 1s based on the radioactivity at tlrne = t (R,) divided by the radioactivity just before addition of the chase (R,)
before turnover was measurable. The one turnover rate measured in September with 35S-methionine is high (0.311 h-'). This rate implies that approximately 75 % (assuming a growth rate of 0.1 h-' [Table 31 gives 0.3/ " Pulse-chase experiments were conducted either with 3H-leucine or -"S-methionine. Concentration given parenthetically is that of the chase or the added unlabeled amino acid Number of time points with duplicate subsamples is given as n C l-tail Student's t-test of rate > 0. ns = not significantly different from zero (p > 0.05) * I n the control without the added unlabeled leucine, uptake stopped because of depletion of the isotope, and radioactivity incorporated into protein decreased due to protein turnover In this experiment, the protein turnover rate was zero (no measurable decrease in radioactivity incorporated into protein) for 30 min after addition of the 1.0 PM methionme chase. After 30 min radioactivity declined by the rate given in the table 0.4) of total protein synthesis was uncoupled from growth. It 1s possible that the turnover rate based on 3H-leucine incorporation would be low in September as observed in August, although there is no reason why use of 3~-l e u c~n e and 35~-methionine should give different estimates of the rate of proteln turnover, unless these compounds are assimilated by different bacteria. It is more likely that rates of protein turnover vary with environmental and physiological conditions. Since most of the turnover rates were low compared to bacterial growth rates, we tentatively conclude that usually protein turnover was only a small pomon of total protein synthesis by bacterial assemblages in the salt marsh during late summer.
DISCUSSION
Rates of leucine incorporation into the hot TCAinsoluble cell fraction provide, at the very least, an underestimate of the rate of protein synthesis by natural bacterial assemblages ( I r c h m a n et al. 1985) . A large fraction of the bacterial assemblage assimilates leucine and other amino acids in many environments (Fuhrman & Azam 1982 , Tabor & Neihof 1984 , Kirchman et al. 1985 . Even at high concentrations, leucine is not transformed to other compounds that are incorporated into macromolecules insoluble in hot TCA, although some nonspecific incorporation may occur in oligotrophic environments ( I r c h m a n et al. 1985) . Therefore, in most cases the rate of leucine incorporation wLI not overestimate the rate of protein synthesis. The molar fraction of leucine in bacterial protein is quite constant (Reeke 1983) such that any change in the rate of leucine incorporation will reflect changes in rates of protein synthesis, not in the amount of leucine in bacterial protein.
Although the thymidine (Fuhrman & Azam 1980 ) and leucine ( I r c h m a n et al. 1985) approaches are complementary measures of l f f e r e n t aspects of bacterial metabolism, it may be useful to compare the two as measures of total bacterial production. In theory, the thymidine approach is clearly superior. Thymidlne is incorporated primarily into DNA when cells are synthesizing DNA, which is closely coupled to cell division and thus new cell production. Leucine, on the other hand, potentially can be incorporated into protein even if net protein synthesis and cell production were zero (Ingraham et al. 1983) . Furthermore, during 'shlft-ups' from low to high growth rates, rates of protein synthesis can be high relative to cell production (Ingraham et al. 1983) . Finally, although k c h m a n et al. (1985) did not observe with microautoralography any uptake of leucine by phytoplankton, leucine is more Likely to be assimilated by phytoplankton (in particular cyanobacteria) than thymidine (e.g. Fuhrman & Azam 1982) .
In practice the leucine approach may be more informative than the thymidine approach for estimating bacterial biomass production in selected environments. There are at least 3 potent~al difficulties with the thymidine technique not encountered with the leucine approach. (1) In some environments, nonspecific incorporation of t h y m i l n e into protein and RNA can be substantial , Hanson & Lowery 1983 . This necessitates isolation of DNA, which is tedious and not without problems with samples from natural aquatic environments ( h e m a n n 1984). (2) The extent to which thymidine biosynthesis could lead to underestimates of DNA synthesis has not be adequately addressed. Only 1 study (Fuhrman & Azam 1982 ) has attempted to estimate thyrnidine biosynthesis with an approach independent of 3~-t h y m i d i n e incorporation rates. (3) Microautoradiography studies have shown that the number of bacteria labeled with 3~-t h y m i d i n e can be substantially lower than the number labeled with 3~-amino acids (Douglas 1985, Tabor and Neihof 1984) . Although amino acid assimilation by nonlvlding bacteria could cause t h s difference, it is possible that a significant number of actively-lviding bacteria do not assimilate thymidlne but do assimilate leucine in selected environments.
The conversion factors for thymidine and leucine incorporation undoubtedly vary with environmental conditions. When the high conversion factors measured with low leucine a d l t i o n s are discarded, we found that the factor varied from 1.1 to 9.5 X 1017 cells mole-'. If a single conversion factor were to be used as the 'literature value', we recommended the median of this range or 5.4 X l0I7 cells mole-'. We have found 10 nM leucine is often adequate to 'swamp' the in situ concentration which usually is ca 1 nM (e.g. Carlucci et al. 1984) . But during the initial stages of investigating an aquatic ecosystem, we recommend the use of the isotope dilution approach (Moriarty & Pollard 1981) which ensures that variation in the extracellular concentration of leucine does not affect the measured incorporation rates and helps minimize isotope dilution due to intracellular pools.
The empirical conversion factor of 5.4 X l O I 7 cells mole-' is 4.9-fold higher than the theoretical conversion factor of 1.1 X 1017 cells mole-', which was calculated assuming that leucine biosynthesis and isotope dilution were zero. Our estimated rates of leucine biosynthesis are high enough to account for the difference between the theoretical and empirical factors. In fact, the ratio of biosynthesis to incorporation of leucine or methonine was often very h g h , wlth some values as h g h as 80. Based on this ratio we would have (1979) predicted much lower inhibition of amino acid precursor incorporation (e.g. pyruvate) with the addition of amino acids. Table 6 summarizes the studies that have examined the effect of amino acid additions on the uptake of potential amino acid precursors. The following example illustrates the relation between the ratio of biosynthesis to incorporation and the inhibition of precursor incorporation by the addition of amino acids. Assume that all leucine for bacterial protein is synthesized d e novo in the absence of added leucine. When leucine is added biosynthesis decreases and precursor incorporation (e.g. pyruvate) is inhibited by 33 %, a value which has been measured frequently (Table 6 ). In thls case, the ratio of biosynthesis to incorporation after the amino acid addition would be 66 to 33, that is, 2. In other words, the ratio of biosynthesis to incorporation is probably on the order of 5 (the ratio of the empirical to the theoretical conversion factor) rather than 50.
The potential effects of protein turnover should be taken into account when the uptake of almost any compound is being measured. Although incorporation of a vanety of compounds into protein has not been examined extensively, many compounds are probably incorporated into protein because of the high protein content of bacterial cells. Cuhel et al. (1983) observed that a high proportion of glucose is incorporated into protein. Protein turnover could lead to overestimating net incorporation and underestimating percent respiration of many compounds. Radioactivity could b e incorporated into protein even if the net rate of protein synthesis were zero as a result of protein turnover. Since the specific activity of protein would be low during short incubations even with high rates of net protein synthesis, respiration (or excretion of byproducts) of the degraded protein would appear to be low, if the data were not analyzed properly, because of the low amount of radioactivity lost (Kmg & Berman 1984) .
It has been suggested that much of total bacterial production is supported by assimilation of dissolved free amino acids (Ferguson & Sunda 1984 , Lancelot & Billen 1984 . That hypothesis is not consistent with the high rates of leucine and methionine biosynthesis estimated here. However, it is possible that bacterial assemblages obtain nearly all their necessary carbon and nitrogen from amino acids other than leucine and methionine. These 2 amino acids do not occur in high concentrations in the dissolved pool (e.g. Mopper & Lindroth 1982) and high rates of d e novo synthesis may be required. On the other hand, recent studies (Laws et al. 1985 , Wheeler & Kmchman 1986 have observed relatively high rates of ammonium assimilation by heterotrophic bacteria, which is consistent with the high rates of amino acid biosynthesis estimated here. Since ammonium assimilation would be used predominately for anlino acid biosynthesis and subsequent incorporation into protein, high ammonium assirmlation rates by bacteria imply that rates of amino acid biosynthesis are substantial and that bacteria obtain carbon and nitrogen from compounds other than amino acids. Clearly more work is needed on the relative importance of different, carbon and nitrogen sources for bacterial growth in marine environments.
Information about rates of amino acid biosynthesis is important for understanding the roles of bacteria in marine trophic dynamics and the impact of bacteria on dissolved organic and inorganic compounds. We expect that bacterial assemblages uthzing extracellular amino acids for protein synthesis would have higher growth rates and growth efficiencies than bacterial assemblages synthesizing amino acids from other organic and inorganic compounds. Amino acid biosynthesis 1s energetically more costly than transport (Ingraham et al. 1983) . Growth rates and growth efficiencies determine the amount of material that is passed onto higher trophic levels via the 'microbial loop' (Azam et al. 1983) . Furthermore, the production and concentration of extracellular amino acids versus rates of amino acid biosynthesis could affect assimilation rates of important inorganic compounds (e.g. ammonium) and organic compounds (e.g. glucose) that are used in amino acid biosynthesis. In short, the regulation of amino acid uptake and biosynthesis may, to a large extent, explain changes in rates of uptake and mineralization of selected compounds and ultimately bacterial growth and production in marine waters.
